The time change in position and size of cumulus clouds formed periodically in the lee of an island was measured by the stereophotogrammetric method.
Introduction
Several investigations have been presented on a cloud row which occurred in the lee of an island (Malkus and Stern 1953, Malkus 1963) . They observed a cloud row from the instrumented aircraft and explained the cloud interval with a gravitational oscillation, disregarding the time change.
In the present case, the time change of cumulus clouds was measured by the stereophotogrammetric method in Fukue, Kyusyu in the summer in 1970 under a part of GARP.
On a day during the observational period, it was observed that cumulus clouds were initiated periodically on a small island near the observational site and they were lined up to the lee of the island. Because the vertical profile of wind, temperature and relative humidity was measured by radiosondes and pilot balloons at an interval of two hours at Tomie (see in Fig. 1 ) near the island, it was possible to analyze the condition of the cloud formation. 
Observational method
The observation was conducted by the stereophotogrammetric method by means of a pair of Bronica S-2 cameras with size of 60*60mm and with 50 mm focal-length lens.
The method of analysis was the same as in the previous paper (Chiyu, Kon and Magono, 1973) . As shown in Fig. 1 , the cameras were respectively set on the summits of Mt. Onidake and Mt. Hidake which are in the south of Fukue Island, Kyusyu. The height of both the mountains is about 300m. The cloud measurement was commenced at 0928 (JST) on July 23, 1970 and continued until 1530. A 16 mm time lapse movie camera was also used to observe the clouds at Mt. Onidake.
Radiosonde and pilot balloon soundings were made to observe the vertical structure of the lower atmosphere at an interval of two hours by another group of. Hokkaido University at Tomie, 6km distant from the camera site. A series of clouds that appeared in the lee of Is. Kuroshima was observed from 0928 to 1041 and the other series of clouds in the lee of Is. Kijima was observed from 1041 to 1440, respectively.
The distances from the camera site to observed clouds were within 6km and the accuracy of cloud height and position was about 10m.
Results
An example of time change of clouds is shown in Fig. 2 . The photographing was made at an interval of one minute, pointing southward from Mt. Onidake.
It is noted in the figure that a cloud in the row was separated into two at 1023, then rearranged in the lee of Is. Kuroshima as indicated by B and b. This fact shows that the observed cloud interval is quite different from the cloud interval (it will be called as the occurrence interval after this) calculated with the occurrence period. Because a cloud row at 1025 is clearly arranged, the position and the height of clouds at the time were analyzed by the stereophotogrammetric method, as shown in Fig. 3 . The origin were newly initiated after the beginning of the observation. Clouds a and b were separated from their mother clouds A and B, respectively, during their movement. The horizontal distance between chain lines corresponds to the cloud interval which was about 700m. Meanwhile the occurrence period of clouds at immediately lee of the island (1km from the island) was determined as 4 minutes, on the average, using the lines A, B, C and D. Accordingly the occurrence interval was calculated as 1200m, from the occurrence period of 4 minutes and the wind speed of 5m/s at that time. The mechanism for the difference of the occurrence interval and the observed cloud interval will be discussed later in detail. The increase in the height of the top of individual cloud is shown by curves in Fig. 5 . A, B, C, a and b are the same as referred in Fig. 4 . Clouds B and C were born at a distance of 1km from the island.
The height of cloud tops gradually increased as they were drifted leeward and decreased when they arrived at the stable layer which will be shown later.
The radiosonde sounding was made at every two hours on the observational day at Tomie. The data are shown in Fig.6 .
The vertical structure of wind, temperature and humidity is given from the top to the bottom of the figure. As seen in the upper figures, the wind speed was about 5m/s and the direction was steadily westerly through the observational period. As seen in the middle figures, a strong inversion existed below 900mb level from 0900 to 1100. The height of the stable layer in Fig.5 was estimated from the data at this period.
The inversion was weakened as time lapsed and its height descended to 1000mb level at 1500.
The profile of humidity in the lower figures shows that the layer lower than 900mb level was so moist that clouds could be formed, while the upper layer was very dry. Fig. 7 shows the change of the cloud row which occurred in the lee of Is. Kijima on this day. It is seen that clouds observed from 1321 to 1335 were small compared with those observed from 1150 to 1250. It is also seen that the cloud intervals became narrower in the later times. The relation between the height of cloud top and the cloud interval is shown in Fig. 8 . The numbers suffixed to circles mean the observational It is seen in the figure that the cloud top descended together with the descend of the bottom of the stable layer as time lapsed, except at 1150. The rising of cloud top at 1150 may be caused by the heat of an occasional sunshine. The height of cloud top had a linear relation to the cloud interval as seen in Fig. 8 . However if we consider relationship between the cloud interval and the depth of the lower layer instead of the height of the cloud top, the linearity of the relation is not good. That is, although it is considered that H. Kon, T. Harimaya, T. Chiyu and C. Magono 245 the cloud interval is dependent on the depth of the lower layer, it would be better to say that the interval is dependent on the height of the cloud top (i,e, the vertical scale of convection contained below cloud). As previously mentioned, the occurrence interval and the cloud interval did not agree because new clouds were occurred between the original ones. In order to study the factor determining these interval, the occurrence interval (1200m), the cloud interval (700m) and the width of the island (1000m) along the wind are shown in the righthand side of Fig. 9 . It may be seen that the occurrence interval is nearer to the island width, while the cloud interval is nearly the same as the height of cloud top.
Discussion
Two subjects in the observational result may be noteworthy. One is how the clouds periodically occurred on the island and the other is why the cloud rows were rearranged in the lee.
Occurrence interval
For the factors determining the occurrence interval in the lee of an island, the size of the island and the stability of the air are considered. It seems that the depth of the lower layer is not directly related to the occurrence interval.
If the atmospheric layer is thermally stable, gravitational oscillations may be observed. Using Brunt-Vaisala frequency, the wave length in this case is given by following formula, where U and s are the wind speed and the static stability of the inversion layer, respectively, and is the gravitational acceleration. In the present case, U=5m/s, s=7.1*10-5/m in the inversion layer, so we obtain 1200m.
This value agrees very well with the observed occurrence interval.
The size of the island (1000m) in the present observation was nearly the same as that of the occurrence interval. It seems that the size of the island is related to the occurrence interval, however the authors can not further proceed the discussion at present. Malkus and Stern (1953) and Malkus (1963) observed the line of clouds in the lee of an where l is the depth of lower layer and g, s and U are same with the previous definition. These quantities are referred to the lower layer. This formula was derived from a gravitational wave theory. In practical phenomena, there is a transitional zone (inversion zone) between the upper and the lower layer. Therefore it is difficult to determine the depth of the lower layer. Malkus and Stern adopted a quantity equivalent height le. Considering s=2.5*10-5/m, U=5m/s and le= 1500m in the present case, we obtained *c= 2700m. This is several times greater than the observed cloud interval.
Cloud interval
The great discrepancy was caused mainly by the fact that the wind speed in the present case was higher and the equivalent height was lower than Malkus' case.
Because we failed to explain the cloud interval by the use of formula (3), another factor was considered for determining it. The cloud interval depended on the height of cloud top rather than the depth of the lower layer as shown in Fig. 8 .
It seems that the cloud which developed to some extent can not keep its size but splits and takes a new cloud interval.
The splitting of developed clouds was already pointed out by Orville (1968) . Accordingly we considered that the cloud interval is determined by the size of cloud convection, not by the gravitational wave length.
It is well known that the dimension of the convection cell is affected by the depth of fluid layer in case of the Benard-type convection, that is the width-depth ratio is about two (Ogura and Tsu, 1970) .
However in the present case, if we assume that the height of the cloud top is the depth of convection and the cloud interval is the width, the ratio of width to the depth of convection is 0.8 to 0.9 from the expression (1) or Fig. 8 . This smaller ratio was explained as follows; the Benard-type convection cells are distributed in two dimensions while the clouds in the present case are arranged in a row in the lee of an island. In the case of cells distributed in two dimensions, the ascending area may be reasonably equal to the descending area if the convection current has a circle form and the updraft has the same speed as the down- 
